Introduction
============

MicroRNAs (miRNAs) are evolutionarily conserved, endogenous, single-stranded RNAs between 18 and 25 nt in length[@R1] and play a major role in the post-transcriptional regulation of gene expression. Binding to the 3′-UTR of their target mRNAs recruits the RNA induced silencing complex (RISC), mostly leading to inhibition of translation, either via interfering with initiation or elongation or via degradation of the mRNA. Recognition of the target site is mainly mediated by the seed region, i.e., the first 6--8 nt from the 5′ end of the mature miRNA.[@R2] However, underlying mechanisms which crucially involve RNA-RNA interactions are not yet understood and subject to further analyses.[@R3]^,^[@R4] Since their discovery in *C. elegans* in 1993,[@R5] more than 100 miRNAs have been identified in invertebrates and between 500--1000 miRNAs can be found in mammals and plants (miRBase).[@R6] Each miRNA can potentially regulate a large number of mRNAs[@R7] and, on the other hand, one mRNA can be regulated by several miRNAs. Thus there are estimates ranging between 30% and 92% of all protein-coding genes being under miRNA control.[@R8]^,^[@R9] In addition to their essential role in development, differentiation, proliferation and apoptosis, there is increasing evidence for their involvement in the pathogenesis of human diseases including cancer and metabolic diseases.[@R10]^,^[@R11] Several studies have shown that miRNA expression is strictly controlled but differs markedly between normal tissue and tumor tissue and thus can be used as a prognostic and predictive biomarker. Besides, it is well documented that miRNAs can serve either as tumor suppressors or as oncogenes and therefore represent novel therapeutic target molecules.[@R12]^,^[@R13]

A correlation between pathogenesis and the occurrence of SNPs in miRNAs or miRNA target sites (miR-SNPs) was predicted in 2007 based on bioinformatic analyses[@R14] and was experimentally validated by Wu et al.[@R15] for different types of human cancer. Further, it was shown that SNPs are less frequent in miRNAs or their target sites than in other portions of the genome.[@R14]^,^[@R16]^,^[@R17] This negative selection of sequence variations in miRNAs emphasizes their importance for crucial cellular processes including the regulation of gene expression. Different scenarios explaining the impact of miR-SNPs are conceivable. On the one hand, SNPs in a miRNA-coding sequence might affect the expression of a multitude of different genes, for example due to an impaired processing or maturation process of the miRNA. SNPs in target sites, on the other hand, can either modulate existing binding sites or create novel binding sites exerting their influence on one or only a few specific target molecules. Meanwhile, miR-SNPs are recognized as a unique class of functional polymorphisms in the human genome. Their patho-mechanistic role is progressively acknowledged and their biological relevance is beginning to be examined.[@R18]^-^[@R20]

Recently, an increasing number of studies on the association between miR-SNPs and the risk of common diseases are published.[@R21] Different approaches are used to predict and to identify functional polymorphisms. For example, Landi et al.[@R22] screened putative miRNA binding sites in candidate genes of colorectal cancer for the occurrence of SNPs that affect the binding of the miRNA to its target. Together with data from a case-control association study, two miR-SNPs were found to be significantly associated with the risk for colorectal cancer. Similar analyses based on association studies provided further evidence for genetic variants that may be associated with different types of cancer.[@R23]^-^[@R25] Another rare sequence variant has been suggested to be associated with Tourette's syndrome and affects the binding site of miR-189 in *SLITRK1*.[@R26]

An example for SNPs that create novel miRNA binding sites was described by Clop et al.[@R27] They demonstrated that a G to A transition in Texel sheep creates target sites for two miRNAs that are highly expressed in skeletal muscle. This additional regulation via translational inhibition of the myostatin gene is related to muscular hypertrophy. A SNP (rs10065172) that has been correlated with Crohn's disease and is located in the coding region of *IRGM* within a miRNA binding site was recently studied by Brest et al.[@R28] Their analyses showed that the SNP alters the regulation of IRGM expression by miR-196 which affects the efficacy of autophagy and thus has an impact on the outcome of intestinal inflammation.

In the human system, Angiotensin II plays important roles in normal physiology as well as in the progression of cardiac diseases. Most of the responses to Angiotensin II are mediated by the Angiotensin II type 1 receptor (AGTR1), which belongs to the family of G-protein coupled receptors.[@R29] The *AGTR1* gene has been found to be highly variable as more than 600 mostly rare genetic variants[@R30] and at least 50 SNPs have been described.[@R29]^,^[@R31] Of these, SNP rs5186:A \> C located in the 3′-UTR, is one of the most-studied and best-evaluated polymorphisms. In particular, the C allele of this A/C transversion has been associated with essential hypertension and other related cardiovascular diseases.[@R29]^,^[@R32] Moreover, this SNP is located in a target site for hsa-miR-155 and two groups[@R33]^-^[@R35] have shown that expression of the A allele is downregulated by this miRNA. Strikingly, this regulation by miR-155 is abolished for the C allele and leads to elevated levels of AGTR1, suggesting a functional association of this miR-SNP with the onset of hypertension. In a cohort of hypertensive patients, Ceolotto et al. analyzed the role of the interaction of miR-155 and rs5186 in conjunction with AGTR1 mRNA and protein levels in the regulation of blood pressure.[@R36] Thus, the implication of this and other miRNAs in cardiovascular disease makes them promising therapeutic targets.[@R37]

On the mechanistic level of miRNA-target recognition, key features include imperfect base pairing between miRNA and target mRNA with increased matching toward the 5′-end of the miRNA guide strand. More recently, it has been shown that target sites with decreased 5′-complementarity also exist, but require additional compensatory or supplementary base pairing at the 3′-end.[@R7] In addition, the position and sequence context of miRNA target sites within the 3′-UTR are also important.[@R38] Meanwhile, these and other features are the basis for most target prediction algorithms. However, additional factors might affect miRNA function, for example RNA secondary structure and RNA binding proteins. It has already been convincingly shown that target site accessibility, i.e., global as well as local folding characteristics of RNA secondary structure, are important determinants for the efficacy of functional RNA-RNA interactions including antisense nucleic acids, ribozymes as well as siRNAs.[@R39]^,^[@R40] Recently, several groups studied whether target accessibility could be involved in miRNA-mediated target suppression. On the basis of free energy (ΔG) predictions Zhao et al.[@R41] showed that the 5′ or 3′ flanking regions of miRNA binding sites are less stable than random sequences, suggesting a locally linear RNA structure around the target site. Kertesz et al.[@R42] also performed free energy predictions, additionally taking into account the difference between the free energy gained by the binding of the miRNA to the target and the free energy lost by mismatching target site nucleotides (ΔΔG). On the basis of this model, they experimentally showed that target site accessibility is as important as sequence match in the seed region and therefore, miRNA target sites are preferentially positioned in mRNA regions with high accessibility. Two other groups included local RNA secondary structures in their target prediction algorithms and validated their results in *C.elegans*[@R43] and Drosophila,[@R44] respectively.

The aim of our study was to analyze the mechanisms underlying the influence of miR-SNPs in miRNA target sites on the interaction between a miRNA and its target mRNA leading to dysregulated gene expression. On the molecular level, such a mismatch could either cause a destabilization of the interaction due to changes in the free binding energy or a change in target accessibility due to alterations in the RNA secondary/tertiary structure. To this end, we established a model system, which allowed performing thermodynamic studies on the level of linear RNA sequences as well as structural analyses on the level of secondary structure accompanied by functional assays using different miRNA tools to study miRNA-mediated regulation. We chose a common SNP (rs5186:A \> C) in the *AGTR1* gene as a model miR-SNP and our data suggest that the observed differences in miRNA-mediated regulation of the two alleles are correlated with altered RNA secondary structure. Additional experimental evidence for the functional role of SNP-affected local RNA structure was derived from analyses of rs9818870, a SNP located in the muscle RAS oncogene homolog (*MRAS*) 3′-UTR which indicates that SNPs even outside of miRNA target sites can influence miRNA-mediated regulation. In summary, this study provides strong experimental evidence supporting the functional importance of SNPs even outside coding sequences, i.e., potentially all miR-SNPs within the 3′-UTR.

Results
=======

A SNP in the miR-155 target site in *AGTR1* is correlated with dysregulated reporter gene expression
----------------------------------------------------------------------------------------------------

The relevant *AGTR1* nucleotide sequences including miR-155 and its target sites are depicted in [Figure 1](#F1){ref-type="fig"} which also shows the *AGTR1* mRNA transcript variant 4 (NCBI Reference Sequence: NM_031850.2) with its 5′-UTR (position 1 - 446), coding sequence (CDS, position 447 -- 1523) and 3′-UTR (position 1524 -- 2412). With regard to this numbering the position of rs5186 in the *AGTR1* 3′-UTR is 1612 and the SNP will therefore be referred to as A1612C throughout this study. In contrast, many other publications call the same polymorphic site A1166C which is the position in relation to the start of the coding sequence. [Figure 1](#F1){ref-type="fig"} further shows the two different reporter transcripts used in this study that either contain the complete *AGTR1* 3′-UTR (AGTR1 "long," position 1527 - 2407, [Figure 1B](#F1){ref-type="fig"}) or the miR-155 target site only (AGTR1 "short," position 1590 - 1620, [Figure 1C](#F1){ref-type="fig"}) in the firefly luciferase 3′-UTR of pMIR-REPORT.

![**Figure 1.** Schematic depiction of *AGTR1* transcripts and miRNAs. (A) Structural and functional portions of *AGTR1* mRNA. The numbering is according to NCBI Reference Sequence: NM_031850.2. Thus, the position of rs5186 within the miR-155 target site is designated as 1612 (which equates to position 1166 relative to the start of the coding sequence) and the miR-1 target site is located appr. Thirty nt upstream of the SNP. (B) Schematic depiction of the recombinant firefly luciferase-AGTR1 3′-UTR in vitro transcript (AGTR1 IVT "long"). (C) Schematic depiction of the recombinant firefly luciferase-AGTR1 miR-155 target site in vitro transcript (AGTR1 IVT "short"). (D) Nucleotide sequences of miRNA-tools used here (miR-155 and miR-155_SNP) to analyze the target-miR-SNP interaction.](rna-9-924-g1){#F1}

Three different double-stranded miR-155 mimics were used for analyzing the miRNA-mediated regulation of *AGTR1* rs5186 variants A and C (further termed AGTR1 A and AGTR1 C, respectively). First, Pre-miR™, a commercially available miRNA precursor molecule (Ambion, further termed pre-miR-155) which - according to the manufacturer - is a small, partially double-stranded, chemically modified RNA. However, its sequence as well as the nature and position of the chemical modifications are not disclosed. Second, we synthesized miR-155 guide and passenger strands (further named miR-155) according to sequence information from miRBase.[@R6] Double-stranded miR-155 ([Fig. 1D](#F1){ref-type="fig"}, top) is characterized by a fully matching seed sequence to the A allele of the *AGTR1* target site ([Fig. 1D](#F1){ref-type="fig"}, seed region indicated by line, arrow indicates position opposite the polymorphic site) but one C-U mismatch to the C allele of *AGTR1* at position 5 of the mature miRNA. For analyzing a possible rescue of the miRNA-mediated regulation of AGTR1 C we restored base-pairing at the seed region by producing a miR-155 guide strand with a U \> G substitution (further named miR-155_SNP, [Figure 1D](#F1){ref-type="fig"}, bottom) at position 5. Please note that this modification was introduced in the guide strand only, i.e., we did not modify the corresponding passenger strand position.

To study the thermodynamics of binding, minimal free energies were calculated for each of the possible pairs of miRNA guide strand and *AGTR1* miR-155 target site ([Fig. 2A](#F2){ref-type="fig"}) using the program RNAhybrid (<http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/>[@R45]). The upper panel in [Figure 2A](#F2){ref-type="fig"} displays hybridization of the miR-155 guide strand with the two miR-155 target site variants (A on the left vs C on the right) whereas the lower panel shows hybrids with the miR-155_SNP guide strand. Minimal free energies for the binding at the two target sites (A vs. C allele) with their matching miRNA guide strands differ slightly (-16.6 vs -18.8 kcal/mol) which can be explained by the occurrence of a different Watson-Crick base pair at the SNP position, i.e., an A-U base pair for the A allele compared with a C-G base pair for the C allele. However, the minimal free energy of both hybrids, each harboring a mismatch at position 5 of the seed, is the same (-12.3 kcal/mol). For each allele of the *AGTR1* mRNA miR-155 target site, the loss of a complete match in the seed region caused by the mismatch in the miRNA guide strand results in a reduction of the minimal free energy (for A + 4.3 kcal/mol and for C + 6.5 kcal/mol). This suggests that the presence of the C allele is accompanied by a weaker interaction with the authentic miR-155 affecting miRNA-mediated regulation of *AGTR1* gene expression.

![**Figure 2.** Structures and thermodynamic stability of complexes of miR-155 and *AGTR1* mRNA, and miR-155-mediated effects on reporter gene expression in HeLa cells. (A) Secondary structures and stability of the target-miR-SNP interaction. Minimal free energies of *AGTR1* A and C miR-155 target site and miR-155 (upper panel) and miR-155_SNP guide strand (lower panel), respectively, were calculated using the program RNAhybrid. The loss of seed complementarity leads to a reduction in ΔG values for both AGTR1 miR-155 target sites. Effects of pre-miR-155 (B) and of miR-155 and miR-155_SNP (C) on reporter gene expression in HeLa cells. Cells were co-transfected with 25 ng pMIR constructs, 0.25 ng pRL-CMV as transfection control and 25--150 nM miRNA. Values are means of the lowest relative firefly luciferase activity (FF/RL) in percent normalized to cells that were transfected with plasmids but no miR-155 tool of at least four independent experiments. P values were determined by analysis of variance (ANOVA) and error bars represent the SEM, \*p ≤ 0.05, \*\*p ≤ 0.001, \*\*\*p ≤ 0.0001.](rna-9-924-g2){#F2}

In order to set up a reporter system for miRNA-mediated regulation of gene expression we cloned minimal miR-155 target sites into the 3′-UTR of the firefly luciferase of the pMIR-REPORT vector using DNA oligonucleotides ([Fig. 1C](#F1){ref-type="fig"}). These constructs are further termed AGTR1 "short" A and C, respectively. Next, we performed co-transfection experiments in HeLa cells of these constructs together with a control plasmid coding for *Renilla* luciferase and different amounts of pre-miR-155. HeLa cells were chosen because they do not express miR-155 according to the database microRNA.org.[@R46] Thus it is reasonable to assume that reporter gene expression is not influenced by endogenous miR-155.

Unexpectedly, luciferase activities were decreased for both of the short target sites to a comparable amount ([Fig. 2B](#F2){ref-type="fig"}). Moreover, the observed reduction of reporter gene expression was not correlated with the concentration of pre-miR-155 (data not shown). At a first glance, these results were not in accordance with published data.[@R33] However, in their study the complete 3′-UTR sequence was used rather than a minimal target site construct. Therefore, we also generated reporter plasmids containing the authentic *AGTR1* 3′-UTR, either according to the wild type sequence, i.e., the A allele, or to the SNP sequence, i.e., the C allele, introduced by site directed mutagenesis (see methods section and [Fig. 1B](#F1){ref-type="fig"}). The resulting recombinant constructs were termed AGTR1 "long" A or C. Co-transfection experiments with these constructs showed a different kind of regulation of reporter gene expression depending on the polymorphic variant ([Fig. 2B](#F2){ref-type="fig"}), i.e., only the wild type target sequence harboring the A variant was strongly repressed by almost 30% whereas no repression was observed for the 3′-UTR construct with the target site mismatch. This is consistent with published results[@R33] and confirms the selective regulation by the miRNA precursor. The inconsistent behavior observed for the short target site constructs could be related to unknown characteristics of the commercially available pre-miR-155 which is a precursor mimic with unknown sequence and proprietary chemical modifications optimized for enhanced binding to the miR-155 target site. These features might exert a very strong influence on miRNA-target site interactions such that even one mismatch within the seed region has no measurable effects.

Furthermore, one of the major differences of the indicator systems is their length and their sequence context in the vicinity of the target site. It seems to be reasonable to assume that longer stretches of authentic 3′-UTR sequences within recombinant constructs fold into local structures that are more similar to local folding of the wild type *AGTR1* mRNA than the shorter transcripts AGTR1 A and AGTR1 C. Thus, constructs containing short (i.e., miR-155 target site only) and long stretches of the *AGTR1* 3′-UTR were further tested in parallel.

Regarding the use of miRNA-derived tools, a number of alternative constructs and approaches have been published so far. These include synthetic single-stranded and double-stranded miRNAs containing various chemical modifications, miRNA precursors (pre-miRNAs), conjugates, as well as endogenously expressed hairpin transcripts. However, there is uncertainty of their validity in specific cases and it does not seem that there is general agreement on their standardized use. Therefore, in addition to pre miR-155, we included two more miRNA tools in our studies, miR-155 and miR-155_SNP, both with known sequences and without chemical modifications ([Fig. 1D](#F1){ref-type="fig"}). Results from transfection experiments with all possible combinations of target sites and miRNAs are shown in [Figure 2C](#F2){ref-type="fig"}. Application of miR-155 leads to strong repression of both target sites harboring the A allele ([Fig. 2C](#F2){ref-type="fig"}, left panel; appr. 25%). Again, for the C allele, there is also a significant decrease in luciferase activity of the short target site (appr. 20%) but only weak repression of the long target site (appr. 10%). In conclusion, in the context of the short target site the SNP has a moderate effect on the miRNA mediated regulation due to the difference in the thermodynamics of binding ([Fig. 2A](#F2){ref-type="fig"}) but in the context of the long target site the SNP has a much stronger effect probably caused by additional differences in the RNA secondary structure of the 3′-UTR. MiR-155_SNP compensates the A1612C SNP with a complementary G residue in the guide strand sequence ([Fig. 1D](#F1){ref-type="fig"}) which should lead to a rescue of miR-155 mediated regulation of the C allele. This phenotype can be observed in case of co-transfection with the short target site constructs ([Fig. 2C](#F2){ref-type="fig"}, right). Here, the C variant is slightly more repressed than the A variant, albeit with very low significance. In case of the long target site constructs such a reversion is not observed and, in general, the decrease in luciferase activity is not very strong (\< 15%).

The different results for the short and long reporter constructs suggest that besides the thermodynamics of the miRNA-target site interaction, the location of the polymorphic target site in relation to the secondary structure of the 3′-UTR may play an important role for miR-155 mediated regulation of *AGTR1*.

**The miR-SNP is correlated with changes of the secondary structure of the *AGTR1* 3**\'**-UTR**
------------------------------------------------------------------------------------------------

If the interaction between a given miRNA and a target site is determined mainly by thermodynamic properties of RNA-RNA recognition, then the corresponding ΔG values ([Fig. 2A](#F2){ref-type="fig"}) should be closely related to the phenotypes observed in transfection experiments. However, comparing miR-155 and miR-155_SNP-mediated regulation, this is not the case. According to the prediction of the RNA binding interactions, miR-155_SNP should show the highest repression of the short AGTR1 C target site due to the lowest ΔG value (-18,8 kcal/mol). However, miR-155 results in a superior suppression of the short AGTR1 A target site (ca. 25% vs \< 20%) despite a slightly reduced free energy value (-16.6 kcal/mol). Additionally, both seed-mismatching interactions (miR-155 with AGTR1 C and miR-155_SNP with AGTR1 A) have the same binding energies (-12.3 kcal/mol) but demonstrate different extents of repression.

Hence, we had a closer look at the RNA secondary structure of both allelic sequences of the *AGTR1* mRNA. Systematic computational RNA secondary structure predictions were performed as described in detail elsewhere.[@R47]^,^[@R48] It is important to note that this methodology includes the calculation and analysis of hundreds of RNA structures and, thus, gives rise to biologically meaningful structure models.[@R49] An example of this kind of analysis is schematically depicted in [Figure 3A](#F3){ref-type="fig"}. It shows the predicted secondary structure of *AGTR1* rs5186 variants A and C from position 1525 to 1800 (numbering according to [Figure 1A](#F1){ref-type="fig"}). Both sequences show a similar global structure between positions 1525--1597 and 1754--1800. Conversely, they adopt a different local configuration for both variants within the local region 1598--1753 in which the A variant is located in an intramolecular double-helix whereas the C variant is predicted to form a small hairpin loop. The right panel of [Figure 3A](#F3){ref-type="fig"} shows a magnification of the SNP region and [Figure 3B](#F3){ref-type="fig"} summarizes the results of a systematic analysis based on 200 secondary structure predictions for either variant of position 1612 of the *AGTR1* mRNA, respectively. The structure context of the SNP was grouped in two categories according to its involvement in intramolecular interactions. In contrast to variant A in which the SNP stretch was predominantly (97.5%) predicted to be intramolecularly paired, variant C only appeared in unpaired structural elements. For the latter case, 163 out of the 200 predicted structures ( = 81.5%) are represented by [Figure 3A](#F3){ref-type="fig"}. In the remaining 18.5% of the unpaired structures of variant C, the SNP position was located in a bulge. For the A allele, only 2.5% of all structures were found in a loop (i.e., unpaired), and this element only occurred in the predicted structures at a window size of 400 nt but not at a window of 800 nt or 1400 nt. 83% of the paired elements are represented by [Figure 3A](#F3){ref-type="fig"} and in the remaining structures the A was paired but located close to a junction and not within a long stem. Furthermore, comparing structures of the same window size for both variants demonstrated that in all cases the free energy value for the A sequence was lower than for the C sequence suggesting that, from the energetic point of view, the A transcript is more stable.

![**Figure 3.** Theoretical analysis of the local RNA structure of both polymorphic sequences of *AGTR1* mRNA. The structural domain containing the SNP is shaded in gray and arrows indicate the rs5186 site. The numbering is according to the position in the *AGTR1* mRNA (see [Figure 1A](#F1){ref-type="fig"}). (A) The left panel illustrates the global secondary structure prediction. The RNAs show different structure elements around the polymorphic site. The A is located in a stem whereas the C is predicted to be in a loop. A magnification of each secondary structure around the SNP demonstrating the local structure differences is pictured on the right. (B) Summary of the allele-specific involvement of the SNP in intramolecular folding determined by computational analysis of RNA secondary structure. In total, 200 predicted secondary structures have been analyzed. The number of structures in which the SNP occurs in stem motifs is listed under 'paired' vs. the 'unpaired' group representing loop and bulge positioning of the SNP. In contrast to the A, which is predominantly located in a paired structure, the C is found only unpaired.](rna-9-924-g3){#F3}

**In vitro probing experiments show different structural conformations of *AGTR1* 3**\'**-UTR RNA transcripts**
---------------------------------------------------------------------------------------------------------------

Following the systematic and thorough theoretical analysis of the *AGTR1* mRNA secondary structure, which visibly provided distinct results for both alleles, we performed structural probing experiments to further substantiate the theoretical analyses. To this end, long-chain in vitro transcripts of either AGTR1 3′-UTR A or C variants were probed chemically with Pb^2+^ monitoring unpaired positions of all four nucleotides and enzymatically with RNase T1 which cleaves at unpaired G residues. Subsequent to probing reactions, cleavage sites were visualized by primer extension and electrophoretic analysis. In [Figure 4](#F4){ref-type="fig"} a typical analysis is shown. This experimental structure probing of the AGTR1 IVT "long" (shown for position 1605--1635) indicates different cleavage patterns in the vicinity of the polymorphic site for probing with Pb^2+^ as well as in the use of RNase T1 (summarized in [Figure 4B](#F4){ref-type="fig"}). RNA transcript variant C shows stronger and additional hydrolysis sites when compared with transcript variant A (e.g., RNase T1 at position 1610, Pb^2+^ at positions 1614--1622). Conversely, a stronger cleavage by Pb^2+^ occurs at position 1623 and by T1 at positions 1616 and 1627 of variant A RNA. A detailed description and discussion of this probing experiment is provided in the legend to [Figure 4](#F4){ref-type="fig"}. In summary, these observations are compatible with structural differences observed in the systematic theoretical structure analysis. Nevertheless, it has to be stressed that our analyses focused on verifying differences seen in an in silico structure model by performing an in vitro assay rather than dissolving the AGTR1 3′-UTR RNA structure in detail. Moreover, we cannot comment on the detailed relationship between accessibility in a probing assay and microRNA-mediated regulation in vivo as too little is known about the pairing mechanisms between a miRNA and its target RNA.

![**Figure 4.** Probing and primer extension analysis of *AGTR1* 3′-UTR. AGTR1 "long" in vitro transcripts (see [Figure 1B](#F1){ref-type="fig"}) harboring either A or C were hydrolyzed with increasing amounts of lead (II) acetate or RNase T1. The products were reverse transcribed using an AGTR1 sequence specific ^32^P labeled probe followed by denaturing gel electrophoresis and phosphorimaging. (A) Autoradiograph of a gel resolving a Pb^2+^ (left) and RNase T1 (right) probing. In the middle a sequencing reaction using AGTR1 3′-UTR A IVT is shown. It has to be noted that AMV reverse transcriptase stops one nucleotide position before the T1 cleaved nucleotide leading to a fragment that is one nucleotide shorter than the fragment in the sequencing reaction. AGTR1 RNA sequences annotated with hydrolysis sites (triangles for Pb^2+^ probing, circles for T1 probing) and strength of cleavage (open symbol, weak; shaded symbol, moderate; closed symbol, strong) are pictured in (B). The SNP site is indicated by 'A/C1612' in (A) and marked in bold in between the two linear sequences (B). The lead cleavage patterns of both sequences ([Fig. 4A](#F4){ref-type="fig"}, left) show major differences at positions 1607/08 and 1621 - 1623. In particular position 1623 of the A variant is cleaved stronger than variant C initially and then signals disappear more rapidly with increasing Pb^2+^ concentration. This could be interpreted such that the local structure of the A variant is more accessible because, upon initial strong cleavage at these positions, cleavage products are further being degraded more rapidly due to their accessibility. This view could also be true for position 1614. The probing by RNase T1 shows stronger signals for the A transcript at position 1616 and 1627. Conversely, cleavage at position G1610 is stronger for the C variant than for the A variant.](rna-9-924-g4){#F4}

**A SNP in proximity but not within a 3**\'**-UTR -located miRNA target site is related to allelic differences of local RNA structure and to miRNA function.**
--------------------------------------------------------------------------------------------------------------------------------------------------------------

Next we studied the structural and functional role of SNP rs9818870 (C / T polymorphism) that is located within the 3′-UTR -coding sequence of the *MRAS* gene. This SNP was shown to be associated with coronary artery disease (CAD) in a genome-wide association study (GWAS).[@R50] The M-ras protein is widely expressed but particularly found in the heart (BioGPS). Erdmann et al. further showed that MRAS expression is reduced in injured mouse heart tissue compared with healthy heart tissue.[@R50] Hence we asked whether this SNP could potentially be involved in the pathogenesis of CAD via changes of miRNA regulation. A screen for miRNA binding sites within the 3′-UTR of *MRAS* mRNA did not indicate that this SNP is located within a known miRNA binding site. However, the 3′-UTR of the *MRAS* mRNA has two predicted binding sites for miR-195 and miR-135, respectively. One miR-195 binding site is located 16 to 38 nucleotides upstream of rs9818870 and the second one approximately 400 nucleotides downstream of the SNP ([Fig. 5A](#F5){ref-type="fig"}). The involvement of this miRNA in cardiovascular disease has been suggested previously.[@R51] MiR-135 also has a potential impact on the cardiovascular system[@R52] with binding sites approximately 100 nucleotides downstream and 700 nucleotides upstream of the SNP ([Fig. 5A](#F5){ref-type="fig"}).

![**Figure 5.** Schematic depiction of *MRAS* mRNA including 3′-UTR -located binding sites for miR-195 and miR-135 and effects of miR-195 on MRAS reporter constructs in Hela cells. (A) Schematic representation of the *MRAS* mRNA. The numbering is according to NCBI Reference Sequence: NM_001085049.1. Shown are the location of rs9818870 and the positions of miR-195 and miR-135 binding sites. The divergence of predicted secondary structures between the two MRAS variants is indicated in percent of all structure predictions. For the binding sites closer to the SNP (miR-195 site 1 and miR-135 site 2) 110 calculated structures were compared and 50 structures were analyzed for miR-135 site 1 and miR-195 site 2. (B) Co-transfection of miR-195 (10--100 nM miRNA) and allele-specific MRAS reporter constructs (10 ng pmirGLO MRAS 3′-UTR constructs) in HeLa cells. Values are means of five independent experiments and represent the lowest relative firefly luciferase activity (FF/RL) in percent normalized to cells that were transfected with plasmids only. P values were determined by analysis of variance (ANOVA) and error bars represent the SEM, \*p ≤ 0.05, \*\*p ≤ 0.001, \*\*\*p ≤ 0.0001. (C) RNA probing of in vitro transcripts (IVT) representing variant C or U of the *MRAS* 3′-UTR in the vicinity of the miR-SNP rs9818870 with Pb^2+^ (left panel) and RNase T1 (right panel), respectively. The middle panel shows a sequencing reaction of *MRAS* 3′-UTR U IVT. The probing results for both variants are summarized in (D). Cleavage sites of both variants (C variant, upper panel; U variant lower panel) and the extent of cleavage monitoring accessibility for Pb^2+^ and T1 are indicated by triangles for Pb^2+^ probing and by circles for T1 probing (open symbol, weak; shaded symbol, moderate; closed symbol, strong). The SNP is indicated by 'C/U 1758' in (C) and by a line in bold in between the two sequences in (D). The miR-195 binding site is indicated by a gray bar between positions 1720 and 1742 in (C) and shaded in gray in (D). The Pb^2+^ cleavage pattern of both sequences show major differences at positions 1708--1720 which are located at the transition of the miR-195 binding site and upstream sequences. Probing by RNase T1 indicates increased accessibility of the C variant downstream of the SNP except for G 1759 and decreased accessibility immediately upstream of the miR-195 target site 1. In summary, both probing experiments reveal detectable structural differences of both allelic variants directly upstream and downstream of the binding site 1 of miR-195.](rna-9-924-g5){#F5}

A systematic computational analysis of secondary structure suggests that the SNP is related to differences of local RNA structure of the two MRAS variants, i.e., structural differences occur at and also in proximity of the SNP which include binding sites for miR-135 and miR-195. In about 69% of all analyzed structures miR-195 binding site number 1 that is located 16 nt upstream of the SNP ([Fig. 5A](#F5){ref-type="fig"}) showed differential local structures between the two variants ([**Fig. S1**](#SUP1){ref-type="supplementary-material"}). Both miR-135 miRNA binding sites showed structural differences to a decreased extent compared with miR-195. Hence we focused on the role of SNP rs9818870 for local RNA structure of the *MRAS* mRNA and for gene regulation by miR-195. First, cell culture data in the use of a reporter gene containing the MRAS 3′-UTR showed stronger downregulation of the MRAS U variant by miR-195 compared with the C variant ([Fig. 5B](#F5){ref-type="fig"}). Moreover, RNA structure probing experiments reveal different cleavage patterns of the MRAS variants close to the polymorphic site but also surrounding the miR-195 target site 1 ([Fig. 5C](#F5){ref-type="fig"}). Considering the increased accessibility of the U variant upstream of SNP rs9818870 ([Fig. 5D](#F5){ref-type="fig"}) one may speculate that this site is more critical for binding of miR-195 than sequences 3′ to the SNP. In summary, this analysis is consistent with the view that SNPs even outside of miRNA target sites can influence miRNA-mediated gene regulation via altering local RNA accessibility.

Discussion
==========

Former studies on the miRNA-mediated regulation of *AGTR1* gene expression indicated a differential regulation of the A vs. the C allele by miR-155 in cell culture models.[@R33]^,^[@R35] In both studies, reporter genes harboring the A variant were downregulated to a greater extent than the C variant after co-transfection of pre-miR-155 (Ambion). Using the long-chain 3′-UTR reporter constructs and pre-miR-155 we observed comparable effects although the magnitude of repression was not as pronounced as published before. It should be noted that these previous studies were performed in hamster cells (CHO)[@R33] whereas we chose human cells (HeLa) which does not seem to allow a valid comparison. When we applied miR-1, which targets the 3′-UTR of the *AGTR1* mRNA upstream of the SNP ([Fig. 1A](#F1){ref-type="fig"}), we observed a repression of reporter gene expression of approximately 50% (data not shown), which is within the usual range of regulation of gene expression by miRNAs. Therefore, the less pronounced but significant downregulation observed in our study could indicate an inherent feature of the miR-155 *AGTR1* interaction in human cells. Then again, we cannot explain why we did not observe a concentration dependent decrease in luciferase activity when we applied 25--150 nM miRNA. Nevertheless, we decided not to use pre-miR-155 in our further analyses because the sequence and chemical modification information is proprietary. We can only assume that the company inserted modifications or exchanged nucleotides to stabilize the miRNA target binding, probably even within the seed region. Therefore it is not a suitable tool to study miR-SNPs occurring in the seed region and we designed alternative miRNA tools with known sequence and chemical composition ([Fig. 1D](#F1){ref-type="fig"}) for the remaining experiments.

An association of the C variant of *AGTR1* rs5186 with hypertension has been indicated by several studies.[@R32] In addition to reporter gene silencing assays, Sethupathy et al.[@R35] analyzed AGTR1 protein levels and miR-155 levels in a pair of monozygotic twins discordant for trisomy 21 and performed bioinformatics-based analyses of disease-related aspects in several populations. Occurrence of a seed-mismatch between the *AGTR1* C target RNA and miR-155, leading to a thermodynamically destabilized interaction, was suggested as the cause of reduced miR-155 regulation and elevated AGTR1 levels.[@R33]^,^[@R35] We performed more detailed biochemical and cell biology studies using AGTR1 reporter constructs that only harbor the miR-155 target site and miRNA strands that are not chemically modified. In addition to existing data[@R33]^,^[@R35] this allowed us to expand the earlier proposed hypothesis by the new observation that RNA secondary structure alterations caused by the miR-SNP play an important role by affecting the accessibility of the *AGTR1* target site for miR-155. In the following, we did not continue to study the physiological effects caused by the SNP on AGTR1 function but rather used this system to elucidate the molecular pathomechanism underlying the role of miR-SNPs for dysregulated miRNA control, i.e., to draw more refined conclusions on miRNA-target interactions.

After having switched from the commercially available pre-miR-155 to the unmodified miRNA tools with known sequence, we saw a differential regulation of the two polymorphic variants with miR-155 for both reporter constructs. This difference was more pronounced when using the long target site constructs, leading us to the assumption of RNA secondary structure being involved in the extent of the miRNA-mediated regulation. However, in other studies miRNA target interactions were analyzed by using minimal reporter constructs harboring only short sequences corresponding to the length of the miRNA binding site.[@R53]^,^[@R54] This suggests that in those studies either target site structure did not measurably contribute to miRNA-target interactions or possible combined effects on the miRNA regulation through secondary structure have not been taken into consideration. We hypothesize that for analyzing a specific miRNA-mediated regulation of gene expression the use of small miRNA target segments within reporter gene-based assays has to be considered an artificial system which is not fully compatible with the in vivo situation because structural influences are not considered. In order to minimize this problem we propose to carefully select segments of a given long-chain 3′-UTR that most likely represent the authentic local RNA secondary structure adopted by the relevant wild type sequence stretch.

We performed computational structure prediction analyses on a number of candidate miR-SNPs and observed that some do not show significant differences in RNA structure (data not shown) while others show only minor differences (e.g., *ESR1*, [**Fig. S2**](#SUP1){ref-type="supplementary-material"}). However, some SNPs (e.g., *AGTR1, MRAS*) are related to clear changes in secondary structure. In our opinion the latter should be subject of further experimental validation and this additional feature of miR-SNPs should be included in bioinformatical analyses.

The influence of rs5186 on the regulation of AGTR1 expression by miR-155 is an example of a functional miR-SNP that is located within a miRNA binding site. If RNA structure alterations induced by the SNP are jointly responsible for dysregulation of the C variant it is conceivable that SNPs adjacent to miRNA target sites can affect miRNA function as well. To test this hypothesis we performed analyses with rs9818870 in the MRAS 3′-UTR ([Fig. 5](#F5){ref-type="fig"}; [**Fig. S1**](#SUP1){ref-type="supplementary-material"}). This SNP is not located directly within a miRNA target site, but in proximity to a miR-195 binding site. Indeed, RNA folding analyses of the polymorphic RNAs suggest SNP-induced changes in local structure supported by in vitro probing analyses showing differential cleavage patterns around this site as well as functional differences in miRNA regulation. In a recent study, Mishra et al.[@R55] performed analyses on a SNP (rs34764978) in the dihydrofolate reductase (*DHFR*) mRNA. This C \> U conversion at position 223 of the 3′-UTR affects DHFR expression by interfering with miR-24 function, resulting in DHFR overexpression and methotrexate resistance. Surprisingly, this SNP occurs outside of the miR-24 binding site by a distance of 14 nucleotides but influences miRNA mediated regulation. This misregulation cannot be explained by SNP-induced mismatches between miRNA target site and the miRNA itself. As a possible explanation, Mishra et al. suggest that the SNP may affect binding of the miR-24-Argonaute protein complex to the *DHFR* mRNA. Regarding our MRAS results one might also consider that the observed dysregulation for the 3′-UTR U variant could be due to alterations of target site accessibility for miR-24 through structural changes induced by the SNP. To test this assumption we performed mfold analyses and compared the secondary structure of the miR-24 binding site in both variants (200 structures each, [**Fig. S3**](#SUP1){ref-type="supplementary-material"}). In appr. 50% of the predicted polymorphic RNA structures for both variants the miR-24 target site was located in a stem structure element whereas the remaining structures show some diversity between the two RNA variants. For example in case of the C mRNA, the miR-24 target site was found preferentially in a junction whereas in the mRNA harboring the U residue at position 223 it was located in a loop. Therefore it is conceivable that the SNP causes structural alterations which are involved in the observed differential miRNA-mediated regulation of DHFR expression. Together with our MRAS data, this implies in a more general sense that studies of disease-related SNPs should not only search for miRNA target sites directly at the position of the SNP but also a few hundred base pairs up- or downstream.

Predicting secondary structures of polymorphic targets can be used as an in silico tool to pre-screen the possible influence of a SNP on local RNA structure and, hence, on RNA-RNA recognition and miRNA regulation. However, it should be noted that the defined sort of recorded local structural elements, such as for example stems, loops, bulges, or perfect duplexes, cannot be further correlated with the extent of miRNA-mediated regulation of gene expression because of a lack of detailed knowledge of the structure-function relationship underlying miRNA-target recognition. This is somewhat different from the partially known structure-function relationship thought to be relevant for perfectly matching strands of naturally occurring and artificial antisense nucleic acids or even siRNA and their targets. Mechanistic rules governing interactions between partially matching strands, however, seem to be very complex and are not yet revealed on a general level.

Besides RNA-RNA interactions, proteins might also play a role in miRNA target site recognition, either via blocking or facilitating access to the target region. Such a correlation has been predicted via bioinformatic analyses for several RNA binding proteins.[@R56] In the context of this study it is interesting to note that Pumilio was recently discovered to influence miRNA mediated regulation.[@R57]^,^[@R58] Kedde et al.[@R58] showed that binding of Pumilio to the p27 3′-UTR alters local RNA structure which is related to augmented miRNA binding resulting in increased downregulation of the target. Leibovich et al.[@R57] performed computational analyses which suggest an assistance of Pumilio in miRNA regulation of inaccessible miRNA targets by opening their secondary structure. Interestingly, we found that the *AGTR1* 3′-UTR also contains the Pumilio recognition sequence (located in the 3′-UTR at position 716--723, data not shown) approximately 600 nucleotides downstream of rs5186 indicating that miRNA regulation of *AGTR1* mRNA may also involve changes of local RNA structure upon binding of Pumilio or related RNA binding proteins. This further demonstrates that our *in silico* and in vitro analyses contribute to elucidate the impact of miR-SNPs and the underlying functional mechanisms of disease development.

Our results as well as many other studies show that regulation of gene expression by miRNAs is a very complex process. Besides other features, accessibility and thermodynamics are two important factors for miRNA-target interaction. The presence of miR-SNPs in miRNA targets adds another layer of complexity to miRNA binding and regulation and, hence, to the understanding of molecular disease mechanisms. We suggest to not only consider the influence of a SNP on the miRNA target interaction through introduced mismatches but also on miRNA target accessibility through secondary structure alterations caused by SNPs inside or in the vicinity of miRNA target sites when searching for a possible disease association.

Material and Methods
====================

Cloning of reporter gene constructs
-----------------------------------

To analyze AGTR1 and miR-155 interactions the pMIR-REPORT^TM^ Luciferase vector (Ambion, \#AM5795) was used and target sites were inserted within the firefly luciferase 3′-UTR. DNA oligonucleotides corresponding to *AGTR1* mRNA sense and antisense were designed containing the miR-155 target site, four flanking nucleotides, an internal BlpI restriction site for the screening of positive clones and terminal SpeI and HindIII restriction sites (sense 5′ CTAGTAGCACTTCACTACCAAATGAGC\[A/C\]TTAGCTACGCTCAGCA 3′, antisense 5′ AGCTTGCTGAGCGTAGCTAA\[T/G\]GCTCATTTGGTAGTGAAGTGCTA 3′). The oligonucleotides (biomers.net GmbH) were annealed and cloned into the multiple cloning site to generate the short target site constructs. For the 3′-UTR constructs, the *AGTR1* 3′-UTR A insert was amplified out of a human prostate cDNA library (CLONTECH, \# HL4037AH) by using gene specific forward (5′ GAGACTAGTCATGTTCGAAACCTGTCCATAAAG 3′) and reverse primer (5′ TCAGACGCGTGAACACAGCTGTCTACAGCAGCTGTG 3′) harboring SpeI and SacI restriction sites and the PCR products were inserted into the vector. For cloning of the polymorphic 3\'-UTR construct, site-directed mutagenesis (adapted from ref. [@R59]) was performed with 5\' CCAAATGAGCCTTAGCTACTTTTC 3\' as mutagenic primer.

*MRAS* 3\'-UTR sequences harboring SacI and SalI restriction sites were amplified from human prostate cDNA library and Hec1A cDNA and cloned into pmirGLO Dual-Luciferase vector (Promega, \# E1330) using 5\' AGAGGAGCTCCAGGCCTGAGGCCCTGG 3\' as forward, 5\' TCAGGTCGACCGTGTTTCTCTTCTTTATTAATCAGTC 3\' as reverse and 5\' GGTGCCTCTCTGATATGAATACACTG 3\' as mutagenic primer.

Probing and primer extension
----------------------------

PCR products harboring the RNA polymerase T7 recognition site were amplified for AGTR1 with 5′ GAAATTAATACGACTCACTATAGGGCATGTTCGAAACCTGTCCATAAAG 3′ (MRAS: 5′ GAAATTAATACGACTCACTATAGGGCAGGCCTGAGGCCCTGG 3′) as forward, 5′ TCAGACGCGTGAACACAGCTGTCTACAGCAGCTGTG 3′ (MRAS: 5′ TCAGGTCGACTTGGTGGAACAAATCTTTTATTTTC 3′) as reverse primer and the pMIR AGTR1 3′-UTR (MRAS: pmirGLO MRAS 3′-UTR) constructs as template and used for in vitro transcription (T7 RiboMAX™ Express Large Scale RNA Production System, Promega, \#P1320). In vitro transcripts (IVTs) were purified by phenol-chloroform-extraction, gel filtration (G-50 Nick Column, GE Healthcare, \#17--0855--02) and ethanol precipitation. Subsequently, IVTs were denatured (10 min 70°C) and refolded in 1 × folding buffer (20 mM Tris/HCl pH 7.4, 0.1 M NaCl and 1 mM EDTA) at room temperature for 120 min. For the subsequent probing reactions 1 pmol IVT was utilized.

Hydrolysis by RNase T1 was performed for 4 min at room temperature in a 10 µl reaction containing 1 µg tRNA (from yeast, Sigma, \#83853--25MG) and varying units of RNase T1 (0, 0.25, 1 and 2 units, Fermentas, \# EN0541). Hydrolysis products were purified by phenol-chloroform-extraction and ethanol precipitation.

For lead probing refolded IVTs were incubated for 15 min at room temperature in a volume of 10 µl containing 20 mM HEPES pH 7.1, 10 mM Mg(CH~3~COO)~2~ and 0.1 M KCH~3~COO. Afterwards, 5 µg tRNA and varying amounts of lead(II) acetate (Pb^2+^, Sigma,\# 32307) were added (0, 10, 20 and 40 mM final concentration). The probing reaction was stopped after 10 min at room temperature by adding 5 µl 0.1 M EDTA and 60 µl ethanol, followed by ethanol precipitation (adapted from ref. [@R60]).

Sequence-specific RT-primers bind downstream of the AGTR1 SNP (5′ CGGTTCAGTCCACATAATGC 3′) and, in case of MRAS, downstream of the MRAS SNP and the miR-195 binding site 1 (5′ TGGATGGTGTCCACATTAGGT 3′). The primers were ^32^P-labeled at their 5′-end and purified by gel filtration (G-50 Nick-column, GE Healthcare). RT reactions with either RNase T1- or lead hydrolysis products were performed for 45 min at 42°C using 1 mM dNTPs, 2.5 mM RT-primer and 1.5 units AMV Reverse Transcriptase (Promega, \# M5108) in a 10 µl reaction volume. In parallel, sequencing reactions with denatured IVT (2 min at 95°C) were performed for each of the 4 bases using 31.5 µM dNTP (Fermentas, \# R0181) and 2.5 µM ddNTPs (Fermentas, \# R0072) and 125 µM of the remaining three dNTPs, respectively (adapted from ref. [@R61]). After cDNA-synthesis samples were denatured in formamide-containing loading buffer for 3 min at 95°C and resolved on a 10% polyacrylamide sequencing gel (21 × 40 cm) under denaturing conditions (8M urea) for 70 min at 80W and 52°C. Subsequently gels were vacuum-dried for 1 h. Signals were analyzed with a PhosphorImager (Typhoon™ 8600 Variable Mode Imager, GE Healthcare).

miRNA annealing
---------------

Single-stranded miRNA guide and passenger strands (miR-155 and miR-155_SNP, [Figure 1D](#F1){ref-type="fig"}; miR-195 guide: 5′ UAGCAGCACAGAAAUAUUGGC 3′, miR-195 passenger: 5′ CCAAUAUUGGCUGUGCUGCUCC 3′) were synthesized by biomers.net GmbH. Double-stranded miRNA was generated by incubating the two strands at a final concentration of 20 µM in 1 × RNA annealing buffer (6 mM TRIS-HCl pH 7.4, 20 mM KCl, 0.4 mM MgCl~2~). The annealing reaction was performed by denaturing the oligonucleotides (3 min at 95°C) and subsequent slow cooling in a heat block. The hybridization product was analyzed by native PAGE.

Transfections
-------------

Transfection experiments were performed with HeLa cells in 96 well plates using Lipofectamine^TM^ 2000 (Invitrogen, \# 11668--019) transfection reagent. Plasmid DNA (25 ng per well) harboring either the miR-155 target site or the 3′-UTR of AGTR1 (A and C allele) was co-transfected with varying amounts (25--150 nM) of Pre-miR^TM^-155 (Ambion, \# AM17100, diluted in RNase-free water as specified by the manufacturer), miR-155 or miR-155_SNP. For normalization a control-plasmid coding for *Renilla* luciferase (pRL-CMV, Promega, \# E2261, 0.25 ng per well) was added. For MRAS reporter gene assays pmirGLO MRAS 3′-UTR constructs (either C or U variant) were co-transfected with 0--100 nM miR-195. The transfection mixture was prepared in Opti-MEM (Invitrogen, \#31985--047) with a final concentration of 6--12 µg/ml Lipofectamine^TM^ 2000, depending on the concentration of RNA.

Four hours after transfection, the transfection mixture was replaced by full medium (DMEM, PAA, \# E15--843 supplemented with 10% FCS, PAA Laboratories, \# A15--151). After further 20 h of incubation cells were lysed with 1x Passive Lysis Buffer (Promega, \# E1941) and subsequently, the dual-luciferase assay was performed according to the manufacturer's protocol (Promega, \# E1960) using a microplate reader (anthos Lucy3 Luminometer).

Computational analysis of RNA secondary structure
-------------------------------------------------

In silico folding of RNA sequences was performed using an adaptation of the mfold package (version 2.3)[@R62]^,^[@R63] that has been modified to work with the Accelrys Genetics Computer Group (GCG). The calculations were performed with the polymorphic sequence segments containing the SNP at varying internal positions and by defining stepwise (20--50 nt) moving segments of a size of 400, 800 and 1400 nt. The resulting structures were compared globally and locally at the SNP position and/or the respective miRNA binding site and grouped according to the involvement of the SNP-containing sequence segment in intramolecular folding.
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